Advances in the development of free-electron lasers offer the realistic prospect of nanoscale imaging on the timescale of atomic motions. We identify X-ray Fourier-transform holography 1,2,3 as a promising but, so far, inefficient scheme to do this. We show that a uniformly redundant array 4 placed next to the sample, multiplies the efficiency of X-ray Fourier transform holography by more than three orders of magnitude, approaching that of a perfect lens, and provides holographic images with both amplitude-and phase-contrast information.
The experiments reported here demonstrate this concept by imaging a nano-fabricated object at a synchrotron source, and a bacterial cell with a soft-X-ray free-electron laser, where illumination by a single 15-fs pulse was successfully used in producing the holographic image. As X-ray lasers move to shorter wavelengths we expect to obtain higher spatial resolution ultrafast movies of transient states of matter.
Pinhole cameras were used by Chinese, Arab and European scholars to study the Sun and solar eclipses, and sixteenthcentury European painters used the camera obscura to form an image of a subject on a canvas. It was well understood that a small pinhole was required to achieve high spatial resolution, but the small pinhole also dimmed the light in the image 5 . Multiple pinholes increased light intensity, but they made image reconstruction more involved, and this approach had to wait until the development of computers and fast numerical methods. Each bright point of a scene deposits a shadow-image of the pinhole array on the viewing screen. Depth information about the object is encoded in the scaling of the shadow image of the object points 6 . Knowledge of the geometry of the pinhole array (the 'coded aperture') allows for numerical recovery of the image. Initially, random arrays of pinholes were used in X-ray astronomy 7, 8 , and these were eventually replaced by binary uniformly redundant arrays (URAs), which were shown to be optimal for imaging 4 . The multitude of sharp open features contain equal amounts of all possible spatial frequencies, thereby allowing high spatial resolution without sacrificing image brightness. URA-based coded apertures are now commonly used Figure 1 Experimental geometry and imaging. A coherent X-ray beam illuminates both the sample and a URA placed next to it. An area detector (a charge-coupled device, CCD, in these experiments) collects the diffracted X-rays. The Fourier transform of the diffraction pattern yields the autocorrelation map with a holographic term (in the circle) displaced from the centre. The Hadamard transform decodes the hologram. Resolution can be extended beyond the resolution of the URA by subsequent iterative phase extension for both the object and the URA.
in hard X-ray astronomy 9 , medical imaging 10 , plasma research 11 , homeland security 12 and spectroscopy 13 . They improve brightness where lenses are not applicable.
The forerunner of the massively parallel X-ray holography method reported here is conventional visible-light Fouriertransform holography (FTH) 1 . The interference pattern between light scattered from an object and light scattered from a nearby pinhole used as a reference source is recorded far downstream (in the far-field). When the hologram is re-illuminated by the pinhole reference wave, the hologram diffracts the wavefront to produce an image of the object. A second inverted ('twin') copy of the object is produced on the opposite side of the optical axis. Under far-field measurement conditions, a simple inverse Fourier transform of the recorded hologram produces an image of the specimen convolved with the reference pinhole source. As in the pinhole image of the camera obscura the image is weak, and the brightness of the image (or equivalently, the signal-to-noise ratio, SNR) increases as the reference pinhole increases in size, at the expense of image resolution. In general the solution to this problem is to use multiple reference sources. For example, a unique mesoscale object has been imaged by X-ray FTH using five pinhole sources 14 . However, the image brightness and the number of pixels available to image the specimen are still limited in this geometry.
The improvement in the SNR of Fourier-transform holograms with a strong reference saturates at half of the SNR of an amplitude image formed by a perfect lens 15 ; lens-based images result in additional loss of phase information. Furthermore, lens-based amplitude images suffer from a limited focal length at high resolutions. For instance, the focal length of a soft-X-ray lens operating in the water window at 15-nm resolution is $200 mm, and the depth of field is $100 nm. This hinders sample rotation about an axis normal to the beam in front of the lens, and restricts sample translation along the beam.
Efforts to overcome the depth of field problem and to produce strong holograms have been pursued using complicated reference objects 1, 16, 17 ; however, there is still the difficulty of deconvolution due to the missing frequency content of the reference. This can be overcome by URAs, which have a flat power spectrum. The gain in flux compared with a single pinhole is a factor of the number of opaque elements in the URA (twice as much for phase URAs). The number of such elements can be orders of magnitude higher than in classical FTH. The SNR in the URAproduced image increases more slowly than the brightness of the image, and is initially proportional to the square root of the number of pixels 13 in the URA (see Methods). The sample and the URA are placed next to each other in the object plane ( Fig. 1) to ensure a convenient separation of the correlation terms of the object and the URA.
We report here two experiments with this geometry. The first of these ( Fig. 2) was performed with 2.3-nm-wavelength synchrotron radiation at Beamline 9.0.1 18 -20 of the Advanced Light Source (ALS), where we used a 4-mm coherence-selecting pinhole to define the beam. The beam illuminated the test object together with a 71 Â 73 twin-prime URA of 44 nm resolution (equal to the diameter of the scattering elements). Figure 2 shows the reconstructed exit wavefront, and Fig. 2d ,e demonstrates the flux advantage of the URA method in this experiment.
The second set of experiments ( Fig. 3) was performed with 13.5-nm radiation from the FLASH free-electron laser in Hamburg 21, 22 , where a single 15-fs pulse of 1 Â 10 12 photons was used to image a bacterium (Spiroplasma melliferum) with a URA of 150 nm resolution. The high-intensity FEL pulse vaporized the sample and the URA, but in line with expectations 23 and initial observations 19, 24 , the objects in the beam remained intact during exposure. The reconstructed exit wavefront (Fig. 3) shows no signs of damage. These results illustrate the feasibility of imaging micrometre-sized biological objects with an FEL pulse. These images were orders of magnitude more intense than those from conventional Fourier transform holography, potentially enabling the use of novel tabletop X-ray sources 25 for ultrafast imaging. Currently, these sources have lower photon numbers per pulse than FLASH.
Image reconstruction in FTH is a particularly simple one-step calculation. A Fourier transformation of the measured intensity pattern delivers the autocorrelation of the wavefield that exits the object plane. In standard FTH with a point reference source, such an autocorrelation would already contain the image. For FTH with a URA as a reference source, it includes the convolution of the object and the URA. To extract the final image, we use the same delta-Hadamard transform 26 applied to pinhole camera image intensities, but replace the intensity image with the complex-valued cross-correlation term, where the rest of the autocorrelation map is set to zero. The forward or smallangle scattering was discarded during data collection, yielding an edge enhancement in the image.
The maximal spatial resolution in these experiments is not limited by the nanofabrication/characterization limits of the URAs.
Image reconstruction at resolutions beyond nanofabrication limits is possible by combining URA-based holographic reconstruction with iterative phase-retrieval methods 27, 28 . This avoids the uniqueness problem, guides the iterative reconstruction by ensuring a robust and reliable convergence, and extends the spatial resolution in the reconstruction to the diffraction limit for both the object and the URA. This is demonstrated here for the biological sample (see Fig. 3 and the Methods section). This option cannot be applied to lens-based amplitude-only images.
The resolution of the initial holograms corresponds to the resolution of the fabricated URAs: $50 nm for the lithographic pattern used in Fig. 2 and $150 nm (refined to 75 nm) for the bacterium used at FLASH. These values are among the best ever reported for holography of a micrometre-sized object, and we believe that resolution will improve in the future with the development of nano-arrays for FTH. URAs with 25 nm resolution and 9,522 active elements have already been produced by conventional electron-beam lithography, and lithographic methods for manufacturing soft-X-ray zone plates have already established 15-nm resolution and 2-nm positional accuracy 29, 30 . An increase in the number of array elements can compensate for the low contrast caused either by low aspect ratios or by the higher penetrating power of hard X-rays. Most importantly, this can be achieved without increasing the dose on the sample.
In conclusion, we have successfully demonstrated femtosecond holographic X-ray imaging with URAs and obtained amplified holographic images at attractive resolutions. Our massively parallel holographic method has produced images that are orders of magnitude more intense than those from conventional Fourier transform holography. The maximal spatial resolution of these experiments is not limited by the nanofabrication/characterization limits of URAs. Imaging with coherent X-rays will be a key technique for developing nanoscience and nanotechnology, and massively parallel holography will be an enabling tool in this quest.
METHODS SAMPLES
Both ALS and FLASH experiments used samples and URAs on silicon nitride membranes supported in a silicon window frame. The URA for the ALS experiments (Fig. 2a) (polymethyl methacrylate) was patterned on the Si 3 N 4 membrane, and subsequently electroplated with a 30-nm layer of gold. The patterning dose was achieved in a fraction of a second, potentially enabling mass production.
For the experiment at FLASH (Fig. 3) , a 17 Â 19 twin-prime URA was used (with one fully closed and one fully open row), and this URA contained n ¼ 162 open elements. A solution of glutaraldehyde-fixed cells of Spiroplasma melliferum was dried onto a Si 3 N 4 window coated with a 10-nm layer of poly-Llysine. The URA was fabricated next to a Spiroplasma cell using focused ion beam milling at the National Centre for Electron Microscopy.
DATA
At the ALS, we used a 4-mm coherence-selecting pinhole to define the beam emerging from an undulator magnet. The beam illuminated the test object together with a 71 Â 73 twin-prime URA of 44 nm resolution (the size of the scattering elements). The hologram was recorded on an in-vacuum backilluminated CCD (1,300 Â 1,340 20-mm pixels) placed at 200.5 mm from the specimen. The direct beam was blocked by a beamstop placed in front of the detector to prevent damage to the camera. The beamstop was moved during data collection to recover a large portion of the diffraction pattern. The total collection time was 5 s. The proximity between the reference array and sample removed any instability issue during exposure.
At FLASH, a single 15-fs-long X-ray pulse was used (wavelength, l ¼ 13.5 nm, 1 Â 10 12 photons in a 20-mm focal spot) to create the holographic diffraction pattern. The camera 22 had a laterally graded multilayer mirror, which reflected the diffraction pattern onto a CCD detector at a distance of 54.9 mm from the specimen. The mirror worked as a bandpass filter for both wavelength and scattering angle, and isolated the desired scattering pattern from incoherent and plasma emission arising from the sample, and from non-sample-related scattering. A hole in the centre of the mirror allowed the direct beam to pass harmlessly through the instrument into a beam dump at a distance behind the instrument.
RECONSTRUCTION
The autocorrelation map, obtained by Fourier transformation of the diffraction pattern, was multiplied by zero in the region outside the cross-correlation between the object and the URA (the hologram). The reconstruction was performed by applying the same image-processing methods used for pinhole camera images, by replacing the recorded intensity image with the complex valued uniformly redundant holographic term. The reconstruction procedure retrieved the hologram of the object to a resolution determined by the size of the URA elements (at subarray spacing resolution). However, when the spacing between the dots is larger than the dots, the array no longer optimally scatters the available light, decreasing the SNR. A cyclical convolution with a URA was used to decode the hologram. The URA autocorrelation is a delta function in periodic or cyclical systems, not when surrounded by empty space. To mimic the cyclical correlation, a mosaic of 3 Â 3 binary URAs was convolved with the holographic cross-term. The signal was proportional to the number of elements in the array, and the noise was proportional to the square root of the number of elements of the array used to convolve the image. Only 2 Â 2 URAs contributed to the reconstructed image, as the holographic term was at most twice the size of the array itself (the object is smaller than the array). An additional factor of p 2 contributing to the noise arises from the fact that all the zeros in the array used for the convolution are replaced by 21. The SNR therefore increases as SNR n ¼ SNR 1 p n/2 p 2, where n is the number of open elements in the URA. For a phase URA the SNR would increase by a factor of 2. The gain factor in SNR was 18 for the 71 Â 73 twin-prime URA in Fig. 2 , and 4.5 for the 17 Â 19 twin-prime URA in Fig. 3 .
PHASE RETRIEVAL
The reference points in the URA and a few dust particles were fixed in space throughout the optimization process, facilitating the optimization of phase retrieval 27 . The initial holographic image avoids the uniqueness problem, guides the iterative reconstruction by ensuring a robust and reliable convergence, and de facto increases the resolution that could be achieved by iterative methods alone. The rest of the illuminated sample was reconstructed with a dynamic support 28 .
